B-cell lymphoma-6 protein (Bcl-6) is a corepressor for inflammatory mediators such as vascular cell adhesion molecule-1 and monocyte chemotactic protein-1 and -3, which function to recruit monocytes to vascular endothelial cells upon inflammation. Poly [ADP ribose] polymerase 1 (PARP-1) is proinflammatory, in part through its binding at the Bcl-6 intron 1 to suppress Bcl-6 expression. We investigated the mechanisms by which PARP-1 dissociates from the Bcl-6 intron 1, ultimately leading to attenuation of endothelial inflammation. Analysis of the PARP-1 primary sequence suggested that phosphorylation of PARP-1 Serine 177 (Ser-177) by AMP-activated protein kinase (AMPK) is responsible for the induction of Bcl-6. Our results show that AMPK activation with treatment of 5-aminoimidazole-4-carboxamide ribonucleotide, metformin, or pulsatile shear stress induces PARP-1 dissociation from the Bcl-6 intron 1, increases Bcl-6 expression, and inhibits expression of inflammatory mediators. Conversely, AMPKα suppression or knockdown produces the opposite effects. The results demonstrate an anti-infamatory pathway linking AMPK, PARP-1, and Bcl-6 in endothelial cells. 
T oxins, disturbed blood flow, hyperlipidemia, and hyperglycemia often elicit vascular inflammation by triggering the expression and release of proinflammatory cytokines such as TNF-α and IL-1β to increase the expression of adhesion molecules and chemoattractants such as vascular cell adhesion molecule-1 (VCAM-1) and monocyte chemotactic proteins (MCPs) in endothelial cells (ECs) (1) (2) (3) . Inhibition of these cytokines mitigates endothelial inflammation. For example, clinical trials using anti-TNF-α monoclonal antibodies (mAbs) to treat various inflammatory diseases not only alleviates the targeted diseases but also improves vascular function (4, 5) . AMP-activated protein kinase (AMPK), which is activated under various environmental and metabolic stresses, exerts anti-inflammatory effects on vasculature, in part through inhibition of chemoattractants and adhesion molecules by regulating STAT3, NF-κB, and p300 pathways (6) (7) (8) (9) .
Poly [ADP ribose] polymerase 1 (PARP-1) is an abundant and ubiquitous nuclear protein that uses NAD + to synthesize poly (ADP)-ribose (PAR) to "PARylate" itself and other nuclear proteins (10) . PARP-1 also acts as a transcriptional regulator via direct interaction of its zinc finger domains with the sequence TTGA-TATAAAT within target genes (11) . PARP-1 is involved in multiple cellular functions-e.g., repair of DNA single-and double-strand breaks, mitosis, cell fate after genotoxic insults, etc. (11) (12) (13) (14) (15) . PARP-1 knockdown is anti-inflammatory since it acts as a coactivator of NF-κB-mediated transcription to activate proinflammatory pathways such as p38 MAPK and JNK and inhibit B-cell lymphoma-6 (Bcl-6)-exerted anti-inflammatory function (11, 15, 16) . In vivo, PARP-1 knockout mice are protected from septic shock and hyperglycemia-induced endothelial dysfunction (17, 18) . Furthermore, reduction of atherosclerosis has been found in PARP-1 knockout mice in Apolipoprotein E (ApoE)-null background (19) .
The transcriptional repressor Bcl-6 contains a C-terminal zinc finger domain, a central domain that interacts with the histone deacetylases, and an N-terminal poxvirus and zinc finger domain that associates with various corepressors (20, 21) . Dissociation of Bcl-6 from apo-peroxisome proliferator-activated receptor (PPAR)-δ promotes Bcl-6 promoter binding and inhibition of MCP-1, MCP-3, and macrophage inflammatory protein (MIP)-1β in macrophages (22, 23) . PARP-1 represses Bcl-6 transcription by sequence-specific binding to the first intron of the Bcl-6 gene, and PARP-1 knockdown induces the expression of Bcl-6 (11) .
Because the DNA binding domain of PARP-1 has a consensus sequence for AMPK phosphorylation and the activated AMPK is anti-inflammatory, we proposed that AMPK facilitates PARP-1 suppression of Bcl-6. Thus, this study investigates (1) the effects of AMPK phosphorylation of PARP-1 on its DNA binding (2) , increase in Bcl-6 expression by the dissociation of phosphorylated PARP-1 from the Bcl-6 intron 1, and (3) suppression of inflammatory genes by the increase in Bcl-6.
Results

AMPK Phosphorylation of PARP-1 Attenuates Its Binding to the Bcl-6
Intron 1. Analysis of PARP-1 protein revealed an AMPK phosphorylation consensus sequence at Ser-177 in its DNA binding domain (Fig. 1A) . Negatively charged PO 4 − incorporation onto this domain would create electrostatic repulsion and reduce the affinity of PARP-1 for DNA. Thus, we postulated that phosphorylation may suppress PARP-1 binding to the conserved first intron of Bcl-6 (11) Fig. 1B ). To investigate whether AMPK can phosphorylate PARP-1, in vitro kinase assays were performed using active AMPKα2, PARP-1, and [γ- Fig. 1C) . Further, in vitro kinase assays showed that a peptide with S177A substitution was not able to cause such phosphate incorporation, which occurred when using a peptide identical to the native PARP-1 sequence spanning Ser-177 and the SAMS peptide, a standard AMPK substrate (Fig. 1D) .
We next examined whether AMPK-phosphorylated PARP-1 modulates PARP-1 binding to the Bcl-6 intron 1. Chromatin immunoprecipitation (ChIP) assay using primers to the PARP-1 binding site in the Bcl-6 intron 1 (Table S1) showed that 5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR) or metformin decreased PARP-1 binding to the Bcl-6 intron 1 in human umbilical vein endothelial cells (HUVECs) (Fig. 1E) . Similar results were observed with wild-type (WT) but not AMPK-null, mouse embryonic fibroblast cells (MEFs) (Fig. 1E) . To further validate regulation of PARP-1 binding by AMPK phosphorylation, a biotinylated nucleotide segment of Bcl-6 intron 1, including the PARP-1 binding sequence, was conjugated to streptavidin beads to pull out PARP-1 from cell lysates. Phosphorylation by AMPK should decrease PARP-1 affinity for the nucleotide sequence. As expected, AICAR decreased PARP-1 binding to the DNA sequence in WT, but not in AMPK-null, MEFs (Fig. 1F) . To determine if phosphorylation of PARP-1 Ser-177 mediates interaction between PARP-1 and the Bcl-6 intron 1, we overexpressed the WT PARP-1, dephosphomimetic S177A, or phosphomimetic S177D PARP-1 mutants in HUVECs. ChIP assays (Fig. 1G ) revealed that binding of PARP-1 S177D to Bcl-6 intron 1 was weaker than that of PARP-1 S177A with or without AICAR treatment.
AMPK Phosphorylation of PARP-1 Leads to Bcl-6 Transactivation.
Because Bcl-6 transcription is inhibited by PARP-1 binding to its intron 1 (11), we reasoned that AMPK-induced phosphorylation of PARP-1 Ser-177 may affect Bcl-6 transactivation. Hence, we constructed a luciferase reporter Bcl-6-Luc driven by the Bcl-6 promoter conjugated to its native intron 1 and a mutant Bcl-6-Luc (Δ) reporter with the PARP-1 binding sequence deleted. As shown in Fig anti-FLAG to assess binding to Bcl-6 intron 1 in HUVECs transfected with FLAG-tagged native, S177A, or S177D PARP-1 plasmids with control or AMPKα siRNA, then treated with AICAR, metformin, or Compound C (20 nM). *P < 0.05. with control and metformin + Compound C. The binding of PARP-1 to Bcl-6-Luc(Δ) was much less than Bcl-6-Luc under all conditions. To further confirm that AMPK phosphorylation of PARP-1 leads to Bcl-6 transcription, the Bcl-6-Luc-transfected HUVECs were infected with a virus encoding constitutively active AMPK (Ad-AMPK-CA) or a dominant negative form of AMPK (Ad-AMPK-DN). Bcl-6-Luc luciferase activity was greater in HUVECs infected with Ad-AMPK-CA than Ad-AMPK-DN; it was also higher in HUVECs transfected with phosphomimetic PARP-1 S177D than the PARP-1 S177A mutant (Fig. 2C) .
Since AMPK phosphorylation of PARP-1 increased Bcl-6 transcription, we measured endogenous Bcl-6 mRNA level upon AMPK activation. Consistent with the luciferase activity assay using the Bcl-6 reporter constructs, AMPK activation by metformin (Fig. 2D) or AICAR (Fig. 2E ) increased Bcl-6 mRNA levels in HUVECs. AMPKα siRNA transfection abolished this induction (Fig. 2 D and E) . Importantly, PARP-1 knockdown increased the level of Bcl-6 mRNA irrespective of treatment (Fig. 2F) . Metformin and AICAR also increased Bcl-6 protein level (Fig. 2 G and H), and this was blocked upon AMPK inhibition with Compound C (Fig. 2G ) or AMPK knockdown (Fig. 2H, Upper) . Consistent with the results in Fig. 2F , PARP-1 knockdown produced a sustained increase in Bcl-6 (Fig. 2H, Lower) . To demonstrate the effects of PARP-1 Ser-177 phosphorylation on Bcl-6 expression, we overexpressed the WT PARP-1, dephosphomimetic S177A, or phosphomimetic S177D in HUVECs. AICAR increased Bcl-6 expression in cells overexpressing WT PARP-1, but not in those expressing the S177A mutant (Fig. 2I, Upper) . PARP-1 S177D still sustained high levels of Bcl-6 expression under AICAR treatment (Fig. 2I, Lower) . Together, the data in Figs. 1 and 2 suggest that AMPK phosphorylation of PARP-1 at Ser-177 decreases the binding of PARP-1 to the Bcl-6 intron 1, thereby lifting the transcriptional repression of Bcl-6 mRNA.
AMPK-Dependent Induction of Bcl-6 Inhibits VCAM-1, MCP-1, and MCP-3 Transcription. Bcl-6 is a transcriptional repressor of several adhesion molecules and inflammatory mediators, including VCAM-1, MCP-1, and MCP-3 (23, 24) . Using ChIP, we observed increased Bcl-6 binding to the promoters of VCAM-1, MCP-1, and MCP-3 in HUVECs treated with AICAR or metformin, but not when AMPKα had been knocked down (Fig. 3A) . (Fig. 3B) . To verify that AMPK modulates this Bcl-6-induced transcriptional repression via PARP-1, we knocked down PARP-1 to increase Bcl-6 expression, as illustrated in Fig. 2H . This led to inhibition of VCAM-1, MCP-1, and MCP-3 expression (Fig. 3C) . In complementary experiments, knockdown of Bcl-6 enhanced the expression of VCAM-1, MCP-1, and MCP-3, with or without metformin (Fig. 3D) .
To confirm that AMPK phosphorylation of PARP-1 at Ser-177 suppresses these inflammatory genes, PARP-1 was knocked down in MEFs, which were then transfected with an MCP-1 promoter luciferase reporter together with the WT, S177A, or S177D PARP-1 constructs. After also infecting the cells with Ad-AMPK-CA or Ad-AMPK-DN, the MCP-1 promoter activity decreased in cells expressing activated AMPK and WT PARP-1 (Fig. 3E) . MCP-1 promoter activity was higher in MEFs expressing S177A than those expressing S177D (Fig. 3E) , regardless of coexpression of AMPK-CA or AMPK-DN. These results suggest that PARP-1 phosphorylation at Ser-177 plays a crucial role in suppressing MCP-1 transcription. Because VCAM-1, MCP-1, and MCP-3 are involved in recruiting monocytes to ECs, we investigated the AMPK-PARP-1-Bcl-6 cascade effect on monocyte recruitment to ECs. As illustrated in Fig. 3 F and G, monocyte adherence was prevented by AICAR and metformin, but increased by Compound C. Consistent with these findings, AMPKα and Bcl-6 knockdowns were associated with excessive monocyte-EC adhesion, while PARP-1 knockdown attenuated monocyte adhesion. The data in Fig. 3 suggest that the AMPK-induced phosphorylation of PARP-1 at Ser-177 reduces VCAM-1, MCP-1, and MCP-3 expression, thus attenuating monocyte recruitment to ECs.
Pulsatile Shear Stress Induces the AMPK-PARP-1-Bcl-6 Anti-Inflammatory
Cascade. In the vasculature, ECs are subjected to various types of blood flow patterns. In particular, pulsatile flow (PS) activates AMPK (25) and is associated with anti-inflammatory effects (6-9). To explore the beneficial effect of the AMPK-PARP-1-Bcl-6 pathway under flow conditions, we examined the effects of PS on transactivation of Bcl-6 and inhibition of VCAM-1, MCP-1, and MCP-3. ChIP experiments confirmed that PS reduced PARP-1 binding to the Bcl-6 intron 1 (Fig. 4A) to induce Bcl-6 in ECs, but not when AMPKα was knocked down (Fig. 4B) . As expected, PS also increased Bcl-6 binding to VCAM-1, MCP-1, and MCP-3 promoters and repressed their expression (Fig. 4 C and D) . These effects were reverted if AMPKα or Bcl-6 had been knocked down (Fig. 4 C and D) . Consistent with these findings, PS reduced the MCP-1 promoter activity in ECs cotransfected with WT (Fig. 4E ) or S177D PARP-1, but not S177A PARP-1. In line with the results in Fig. 3G , PS also attenuated monocyte binding, but not when AMPKα and Bcl-6 had been knocked down. PARP-1 knockdown led to inhibition of monocyte adhesion (Fig. 4F) . Furthermore, overexpression of PARP-1 S177D in ECs increased, while PARP-1 S177A decreased, monocyte adhesion under both static and PS conditions (Fig. 4G) . Together, Fig. 4 confirms the role of PS-activated AMPK in its phosphorylation of PARP-1 in ECs to prevent monocyte recruitment.
AMPK-PARP-1-Bcl-6 Pathway in the Vessel Wall in Vivo. We next investigated whether the AMPK-PARP-1-Bcl-6 anti-inflammatory cascade is functional in the vasculature in vivo. Thoracic aortas were isolated from WT and AMPKα2 −/− mice with or without metformin administration. ChIP assays indicated less PARP-1 bound to the Bcl-6 intron 1 in the aortas of metformin-treated WT than in the untreated control WT mice. This difference in PARP-1/Bcl-6 binding was not seen in the AMPKα2 −/− mice (Fig. 5A) . Consistent with this finding, Bcl-6 mRNA and protein levels increased with metformin treatment in the aortas of WT, but not AMPKα2 −/− , mice (Fig. 5B) . Because TNF-α is an inflammatory cytokine that mediates obesityinduced vascular inflammation, we tested whether metformin blocks TNF-α-induced VCAM-1, MCP-1, and MCP-3 expression. Compared with TNF-α alone, TNF-α administration with metformin increased Bcl-6 binding to the VCAM-1, MCP-1, and MCP-3 promoters in the aortas from WT, but not AMPKα2 −/− , mice (Fig. 5C ) to decrease expression of VCAM-1, MCP-1, and MCP-3 (Fig. 5D) .
Together, these results demonstrate that the AMPK-PARP-1-Bcl-6 anti-inflammatory cascade is functional in vivo.
Discussion
Aberrant activity and/or expression of PARP-1 are present in ECs under abnormally elevated levels of radical oxygen species (ROS), TNF-α, or angiotensin II to cause vascular inflammation (26) (27) (28) . Such proinflammatory conditions are linked to decreases in AMPK activity and Bcl-6 expression. It has been shown that the binding of PARP-1 to the Bcl-6 intron 1 decreases Bcl-6 expression (11) and that PARP-1 knockdown or AMPK activation becomes anti-inflammatory in many cell types, including ECs. Here, we report an anti-inflammatory pathway that links AMPK, PARP-1, and Bcl-6 together. Our results indicate that AMPK phosphorylates PARP-1 at Ser-177 to decrease its binding to Bcl-6 intron 1. This decrease in binding increases Bcl-6 expression, thus promoting its function as a corepressor to attenuate the transcriptional induction of proinflammatory molecules (e.g., VCAM-1, MCP-1, and MCP-3) in ECs. As summarized in Fig. 5E , AMPK activation and/or PARP-1 deficiency mediates an anti-inflammatory phenotype. The AMPK-PARP-1-Bcl-6 pathway deduced in this study plays a key role in the functional consequences of AMPK activation, PARP-1 phosphorylation, and Bcl-6 induction to reduce inflammation in ECs.
In lipid-laden macrophages, proinflammatory PPARδ sequesters Bcl-6 and prevents it from corepressing MCP-1 and MCP-3 transcription (22, 23) . Deletion of PPARδ in transplanted bone marrow-derived macrophages increases the availability of Bcl-6 to lead to reduction of atherosclerotic lesion area in recipient mice (22) . Treatment with the PPARδ agonist GW0742 increases the free Bcl-6 level to inhibit angiotensin II-induced vascular inflammation (29) . Our current study demonstrates an alternative pathway in which AMPK phosphorylation of PARP-1 also leads to an increase in the level of Bcl-6. This notion is supported by the reduced atherosclerosis in both AMPKα1
−/− /ApoE −/− and PARP-1 (19, 30) . Mechanistically, this pathway is supported by the current findings that AMPK phosphorylation of PARP-1 and knockdown of PARP-1 have similar effects on induction of Bcl-6 (Fig. 2H ) and on inhibition of expression of inflammatory markers (Fig. 4D) . AMPK α2 has been reported to inhibit NF-κB to attenuate inflammatory cascades (31) . On the other hand, AMPKα1 has been suggested to mediate the expression of proinflammatory cytokines or anti-apoptotic proteins via NF-κB (32, 33) . Thus, it is likely that AMPKα2 phosphorylates PARP-1 with a higher affinity. AMPKα, or Bcl-6 siRNA and then subjected to PS for 2 h. The VCAM-1, MCP-1, and MCP-3 mRNA levels were quantified. (E) HUVECs were transfected with the MCP-1-Luc and FLAG-PARP-1, S177A, or S177D, and then subjected to PS, lysis, and luciferase activity measurement. (F) Cells were transiently transfected with control, AMPKα, PARP-1, or Bcl-6 siRNA, and then subjected to PS or static conditions and quantification of monocyte attachment. (G) Cells were transfected with FLAG-PARP-1, S177A, or S177D. After PS treatment, the monocyte attachment was quantified. *P < 0.05.
NF-κB is a transcription factor that activates inflammatory genes including VCAM-1, MCP-1, and MCP-3. Although AMPKα2 and Bcl-6 attenuate NF-κB activity (8, 34) , it is unlikely that NF-κB plays a functional role in mediating Bcl-6 transactivation, given that the Bcl-6 promoter does not contain a "GGGACTTTCC" consensus NF-κB enhancer element. Instead, PARP-1 may act as a transcriptional corepressor by binding to the Bcl-6 intron 1 (11) , and dissociation of PARP-1 from Bcl-6 DNA would restore Bcl-6 transcription to suppress NF-κB activity (34) . It is noted that ERK1/2 phosphorylation of PARP-1 at Ser-372 and Threonine 373 is important for maximal PARP-1 enzymatic activity, and that JNK phosphorylation of PARP-1 mediates H 2 O 2 -induced cell death (35) . However, since AMPK activation attenuates the ERK1/2 and JNK pathways (36, 37) , it is unlikely that ERK1/2 and JNK are involved in mediating PARP-1 binding to the Bcl-6 intron 1 and transactivation of Bcl-6.
Metformin has been shown to improve an array of inflammatory events, including diabetes mellitus and postsurgical endotoxin-induced inflammation (38, 39) . Further, AICAR administration provides anti-inflammatory effects in vascular cells in vitro and in vivo (6, 9, 40) . The nonuniform distribution of atheroma in the arterial tree underscores the importance of the local flow patterns in inflammation. Athero-protective flow patterns often elicit anti-inflammatory phenotypes of endothelium. Clinically, the pleiotropic effects of statin on the vessel are attributed to the anti-inflammatory effect and enhanced bioavailability of nitric oxide (NO). A common effect of metformin, AICAR, athero-protective flow, and statin on ECs is AMPK activation (25, (41) (42) (43) . Thus, AMPK not only serves as a master regulator in energy homeostasis but also a key player in anti-inflammation.
Since AMPK activation and/or PARP-1 deficiency mediates an anti-inflammatory phenotype, the AMPK-PARP-1-Bcl-6 pathway can be implicated in the intervention of other inflammation-related diseases such as metabolic syndrome and insulin insensitivity. For example, adipose tissue plays an integral role in endothelial inflammation through the release of TNF-α and subsequent expression of inflammatory cytokines and adhesion molecules exacerbating obesity-related vascular disease (44) . Consistent with our hypothesis, metformin exhibited the effects of the AMPK-PARP-1-Bcl-6 anti-inflammatory cascade in adipocytes to mitigate TNF-α-induced inflammation (Fig. S1 ).
As summarized in Fig. 5E , PARP-1 binding to Bcl-6 intron 1 suppresses the transcription of Bcl-6. Upon activation of AMPKα2, PARP-1 becomes phosphorylated, leading to its dissociation from the Bcl-6 intron 1. This dissociation leads to transcriptional upregulation of Bcl-6 and subsequent corepression of VCAM-1, MCP-1, and MCP-3 to result in an anti-inflammatory phenotype.
Materials and Methods
Experimental methods are described briefly here and given in greater detail in SI Materials and Methods. All cells were cultured according to standard protocols. Immunoblotting and ChIP assays were conducted according to recommended protocols published by ABcam. Luciferase experiments were conducted in accordance with standard protocols from Promega Corporation (catalog no. E1910). Monocyte binding was assessed using a Cytoselect adhesion assay kit according to the manufacturer's instructions. A Victor 2 plate reader was used for all experiments requiring quantification of luminescence. qPCR experiments were conducting using a Bio-Rad CFX96 real-time PCR detection system according to the manufacturer's instructions. All primers used in ChIP and standard qPCR experiments are displayed in Tables S1 and S2. 
